Abstract -The rapid emergence of Wi-Fi hotspots (access points) that are aimed at providing broadband wireless access to users in and around places of commercial interest presents the unique problem of integrating the existing cellular networks with these. In this paper, we present an architecture that explores the interoperability issues between the Wi-Fi hotspots and the packet cellular networks. In the presence of multiple wireless networks with different access costs, different areas of coverage and bandwidth, the user's choice to select a particular network can significantly impact the user benefits and resource usages. We identify three major user profiles ~ bandwidth conscious, COS? conscious and glitch conscious -and study their impact on resource utilization. Contrary to intuition, simulation experiments have shown that bandwidth conscious users may get lesser bandwidth resources compared to glitch conscious users at high mobility. Similarly, it was found that bandwidth conscious users achieve high packet delivery ratios even while incurring lower costs than the cost conscious users, in certain situations. Although increasing the number of Access Points (APs) leads to higher packet delivery ratios, system performance degrades when the number of APs becomes very large.
I. INTRODUCTION Wireless Fidelity (Wi-Fi) systems refer to high speed wireless LANs [I] that were originally intended to extend the wired Ethernet in offices to wireless clients. These systems are potential candidates for provisioning high speed content delivery at areas such as indoor offices, airport lounges, and shopping malls. The advantages of Wi-Fi systems are ease-of-use, ubiquitous high speed computing, and low setupideployment cost. The integration of WiFi hotspots (wireless LANs) with wide area wireless networking technologies such as Global System for Mobile Communications (GSM) and General Packet Radio Service (GPRS) provides added advantages of large coverage and uninterrupted service for the mobile stations (MSs) .
A large variety of mobile stations -from laptops to mobile phones to small sensors -with widely varying requirements can connect to the system. The system performance and resource usages are greatly affected by the 'user profiles' of these MSs. 
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SYSTEM ARCHITECTURE
The system under consideration consists of a set of Base Stations (BSs) belonging to a Packet Cellular Network that can provide wide area coverage to the Mobile Stations (MSs), and a set of Wi-Fi Access Points (APs) that provide high speed connectivity to the MSs. Each MS i s assumed to support only one wireless interface, that can switch between the packet cellular and Wi-Fi modes of operation. The WiFi APs and BSs are assumed to be interconnected with one another by means of either a wired backbone network, or by high bandwidth point-to-point wireless links. Figure 1 shows a schematic representation of the system under consideration. The BSs are placed such that the entire terrain is covered, while the Wi-Fi APs are assumed to be randomly distributed throughout the metropolitan area. The packet cellular network in our system is represented by a Single hop Cellular Network (SCN), in which the MSs are in communication with the BS on the conkol as well as on the data channels, with a transmission range equal to that of the cell radius. The Wi-Fi hotspots can be modelled as single hop networks or as multihop relaying environments similar to the Multihop Cellular Networks (MCNs) described in 121 and 131. The architecture as described in [4] assumes a control interface of transmission range equal to that of the cell radius, and a data channel with a transmission range equal to half the cell-radius. Wi-Fi APs with multihop relaying is an attractive option in WLANs as it can extend the coverage of a high bandwidth AP to a much larger area. As is evident from the system architecture, each MS has the option of operating either under the control of the BS or under the control of the Wi-Fi AP. In the following section, we identify three different classes of user behaviour, which determine how the MS chooses between the various available networks.
USER PROFILES
The different MSs in the system can choose to connect to any of the available networks at any place. The behaviour of the MS is driven by its resource requirements and user interests. We associate each MS with a user profile that reflects its requirements. This user profile in turn determines how the MS chooses the BS or Wi-Fi AP it connects to. In this section, we describe the following three different classes of user profiles that an MS may possess.
1) CLASS 1 -Bandwidth Conscious User Profile:
The MSs with a bandwidth conscious user profile will choose to connect to the BS or Wi-Fi AP which offers the maximum bandwidth. An estimate ofthe free bandwidth available is sent along with each beacon packet periodically originated by the APs and the BSs. A CLASS 1 MS on receiving such a beacon determines to switch to the new BS or Wi-Fi AP if the bandwidth advertised is greater than the free bandwidth estimate at its currently registered BS or Wi-Fi AP by a threshold value. MSs with high bandwidth requirements (like those engaged in a multimedia download) possess this type of user profile.
2) CLASS 2 -Cost Conscious User Profile: An MS with a Cost Conscious user profile always chooses to connect to the network with the lowest transmission cost per byte. Each BS and Wi-Fi AP adveltises its associated transmission cost in the beacons sent by it. A CLASS 2 MS will switch to a new network only if the cost of the new network is less than that of its currently registered network by a threshold value. An MS engaged in non-real time file downloads may possess this user profile.
3) CLASS 3 -Glitch Conscious User Profile: A Glitch Conscious MS has glitch free connectivity as its priority. We define a glitch as an interruption in the transmission or connectivity which occurs when an MS moves from one network to another. Thus an MS with this user profile tries to minimize the number of handoffs it undergoes between different networks to achieve the smoothest possible transmission. This is done by remaining connected with the cellular network, which has a larger coverage area, at all possible times. An MS engaged in a voice call may be classified under this profile. In all the three different user profile classes, we assume that maintaining connectivity is of utmost importance to the MS. In order to maintain connectivity, an MS may connect to a network whose parameters go against its user profile.
For example, a Cost Conscious MS may connect to a higher cost network when it falls outside the coverage area of the low cost network to which it is currently connected.
The user profile of an MS affects MS's behaviour, the resource consumption of the network and the traffic patterns, as it moves across the terrain. This behaviour is illustrated in Figure 2 : in which an MS moves from point A to point E along the dotted line shown. The total bandwidth available at the base station BSI is 1 Mbps while that at the two access points API and AP2, are I 1 Mbps each. In the scenario depicted here, we assume that the free bandwidth available at API is much less than that at either BSI or AP2 due to a large number of MSs registered to API. The free bandwidth available at AP2 is greater than that at BSI. Also, the per byte transmission cost associated with BSI is considered to be four times that of either API or AP2. Wc now describe the behaviour of the MS for each of the three different user profile classes it may posses.
. CLASS 1 MS: It can be seen from Figure 2 that the MS registers with the sole AP accessible to it at the beginning of its journey (Point A). At point B, the MS comes under the transmission range of BSI also. Since BS1 has more free bandwidth than API, the MS will switch over to BSI and will remain registered with it till the point D. On entering the range of AP2 at D, the MS switches over to AP2, although it is still in the range of the BS. This is because AP2 offers a higher amount of free bandwidth than BSI. The MS remains with AP2 till the end of its journey.
. CLASS 2 MS: After starting its journey from point A, the MS remains registered to API till the point C.
It must be noted here that the MS does not switch over to BSI after it enters BSI's transmission range at point B. This is because the transmission cost associated with BSI is higher than that associated with API. At point C, the MS goes out of the range of AP1 and is thus forced to register with the higher cost BSI in order to maintain connectivity. On reaching the point D, the MS registers with the lower cost AP2 and remains with it till the end of its journey.
. CLASS 3 MS: The glitch conscious CLASS 3 MS tries to minimize the number of glitches in its connection by registering with the larger range cellular network at all possible times. The MS remains registered with API between points A and B. However, once it enters the range of BSI at point B, it switches over to the BS and remains with it till the end of the journey at point E. Fig. 2 . Behaviour of the rnahile stations with different user profiles as they move across the terrain that can be received by all MSs within its coverage area. An MS chooses to register with a particular BS depending on the received signal strength. It then sends the RegReq packet, to which the BS replies with a RegAck packet.
IV. ROUTING MECHANISM
Once the registration is complete (i.e., after the MS receives the RegAck packet), the MS will periodically generate Beacon messages. It updates the BS with information about the set of neighbors that are within its transmission range through NeighUpdf packets. Whenever there is a packet to be sent, the source MS originates a RouteReq packet to its BS. The BS responds with a RouteReply packet containing the shortest path which the MS uses to source route the packet to its destination.
In order to deal with MSs of different user profiles, both the BSs and the Wi-Fi APs periodically generate Beacons with transmission ranges R, the cell radius of the cellular network and r, the transmission range ofthe control channel of the Wi-Fi hotspot, respectively. Each such beacon advertises the per byte transmission cost levied by the AP or BS as well as an estimate of the free bandwidth that will be available to a new MS registering with it. An estimate of the free bandwidth is obtained by dividing the total bandwidth available at the BS or AP by the total number of MSs currently registered with it. This approach assumes that the APs and BSs have a fair packet scheduling scheme running. The crucial difference between the MSs with different user profiles occurs in the registration mechanism.
The network usage that we consider in this paper is essentially one of gateway access, with one of the BSs acting as a gateway to the lnternet or as a content server. For MSs registered to the Wi-Fi AP, the routing mechanism proceeds in a similar fashion to the MCN routing protocol discussed above. However in the case of multihop wireless LANs, the problem of network partitions can arise, especially if the node density around the A P is low. This essentially means that the MS cannot find a multihop path over the data channel (of transmission range r / 2 ) to its AP. In such a case the AP generates a PartitionMsg, to indicate to the MS that it is in a partition, and thus cannot utilize the network. On receiving the PartifionMsg, the MS deregisters from the AP and tries to use the nearest BS, so that connectivity is not lost.
V. SIMULATION RESULTS
We have studied the performance of the system through extensive simulations in GloMoSim [5] . The system consists of equal proportions of MSs with the three different user profile classes. Table 1 lists the parameters used by default in the simulations.
A. wi-Fi APs as Single Hop Networks
We first describe the simulation results obtained when the Wi-Fi APs are modelled as Single Hop Networks.
I ) Mobilivt Figure 3 shows that the bandwidth conscious CLASS 1 MSs obtain the highest Packet Delivery Ratio (PDR) among all three user profile classes when the mobility is less than 1 5 d s . At values of mobility greater than 15m/s, we find that the glitch conscious CLASS 3 MSs are able to get more bandwidth resources than even the bandwidth conscious MSs. This is because the CLASS 3 MSs remain registered to the BSs which have a larger coverage radius (1 km), than to the APs (250111).
The effect of mobility on the per byte transmission cost is captured by Figure 4 . The transmission cost of CLASS 1 and CLASS 3 MSs do not show much variation with mobility. At high values of mobility, CLASS 2 MSs often go out of the range of the Wi-Fi APs and are thus forced to register with the higher cost BSs to maintain connectivity. This accounts for the increase in per byte transmission cost for CLASS 2 MSs. From Figures 3 and 4 , we can infer that the bandwidth conscious users are able to achieve high packet delivery ratios even while incumng costs comparable to or lower than that of the cost conscious users.
As shown in Figure 5 , increasing mobility is also accompanied by an increasing number of glitches for all three classes of MSs. We observe that the glitch conscious CLASS 3 MSs suffer the least number of glitches. CLASS 1 MSs switch every time a beacon advertising a free bandwidth higher than that of its currently registered BS or AP is received. This results in CLASS 1 MSs suffering a much larger number of glitches than the CLASS 2 MSs, which switch between APs and BSs only on the basis of cost.
2) Number ofAPs: It can be seen from Figure 6 that the PDR of all three classes of MSs go up as the number of APs in the system is increased. When there are no APs in the system, all the MSs contend for the limited bandwidth at the BS and hence achieve a low PDR of approximately 0.4. As more and more APs are added, CLASS 1 and CLASS 2 MSs register with the APs and utilize the large amounts of free bandwidth present there. The decreased congestion at the BSs also results in a higher PDR for the CLASS 3 MSs. However, when the number of APs goes beyond 60, the PDR of CLASS 1 and CLASS 2 MSs falls below that of CLASS 3 MSs due to the increased interference between 3) Number of MSs: In this section, we study the effects of varying the number of MSs on the network. We can see from Figure 8 that PDR of all three classes of nodes falls as the number of MSs is increased. When the number of MS is below 500, the glitch conscious CLASS 3 MSs obtain the highest PDR -even higher than that of the bandwidth conscious CLASS 1 MSs. This is due to the lack of congestion at the BSs at such a low load. With more than 600 MSs in the system, CLASS 1 MSs attain the highest PDR and CLASS 3 MSs, the lowest.
B. Wi-Fi APs as Multihop Networks
When the Wi-Fi APs are modelled as multihop networks, it can be observed from Figures 9 and 10 that the CLASS 3 MSs consistently obtain a higher PDR than the CLASS 1 MSs. This is because of the large number of network C. Effect of a Bandwidth Switch Threshold CLASS 1 MSs suffer an extremely large number of glitches as they always switch to a BS or AP offering higher free bandwidth than its currently registered AP or BS, however slight the increase may be. The number of glitches can be reduced by fixing a bandwidth switch threshold. In such a case, the MS will switch to a new BS or AP only if the following condition is true: The decreasing number of glitches suffered by CLASS 1 MSs with increasing bandwidth switch threshold is captured by Figure 12 . However, it was also observed that, the PDR of CLASS 1 MSs does not improve in spite ofthe lower number of glitches suffered. The gain in PDR due to lower number of glitches is offset by the disadvantage of missing out high free bandwidth APs or BSs due to the large bandwidth switch threshold. 
VI. CONCLUSION
In this paper we proposed a novel system architecture for studying the interoperability of Wi-Fi hotspots and wide area packet cellular networks. We identified three distinct user profiles -bandwidth conscious, cost conscious and glitch conscious -associated with the mobile stations (MSs) and incorporated them into the network handoff process. The impact of user profiles on the network performance was studied and explained through extensive simulations in GloMoSim.
When the Wi-Fi A p s were modelled as single hop networks, the bandwidth conscious MSs attained the highest packet delivery ratio (PDR) at low values of mobility. However at high mobility, it was found that the glitch conscious MSs achieved the highest PDR. It was also observed that the bandwidth conscious MSs were able to achieve a very high PDR at low transmission costs, comparable to or even lesser than that of the cost conscious MSs. The glitch conscious MSs incurred the highest per byte transmission cost. But, as expected, they suffered the least number of glitches. bandwidth conscious MSs was shown to be reducible by fixing a bandwidth switch threshold. The packet delivery ratios of all classes of MSs were found to increase as more and more APs were added to the system. However, when the number of APs became very large, system performance was found to degrade.
When the APs were implemented as multihop relaying environments, contrary to intuition, the glitch conscious MSs were found to achieve the highest PDR among the different user profile classes in all situations. The performance of the bandwidth conscious and cost conscious MSs was degraded due to a large number of network partitions.
With the rapid expansion in the number as well as variety of MSs, fine-tuning resource allocation and network parameters on the basis of the user profiles will result in an enhanced network experience for the users and in increased profitability for the service providers.
